Advanced airbag systems use information from a variety of sensors to tune the airbag performance for crash severity and occupant characteristics. A new family of Occupant Classification ATDs (OCATD) have been developed for use in the design and testing of advanced airbag systems. This paper describes the development of anthropometric standards for an OCATD that represents a typical six-year-old child. Detailed analyses of existing child anthropometry databases were conducted to develop reference dimensions. A child who closely matched the reference dimensions was measured in a variety of conditions. A custom molded measurement seat was constructed using foam-in-place seating material. The surface of the child's body was scanned as he sat in the custom seat, and the threedimensional locations of body landmarks defining the skeleton position were recorded. These data were used to create a three-dimensional CAD surface representation of the six-year-old child, along with the internal location of the skeleton. Minimal scaling was required to adjust the resulting model to match the reference dimensions developed from the large-scale anthropometric database.
INTRODUCTION

Recent changes in Federal Motor Vehicle Safety
Standards have led to the rapid introduction of occupant sensing and characterization systems intended, in part, to suppress airbag deployment when the corresponding seating position is not occupied by a normally positioned adult.
One obstacle to the development and implementation of these systems is the lack of appropriate human surrogates for use in testing and validation. For example, some of the currently available occupant classification systems use seat surface pressure distribution as one input to the classification algorithm. However, previous investigations at UMTRI have shown that existing human surrogates, such as the Hybrid-III and THOR crash dummies, do not produce realistic seat surface pressure distributions (1 * ). Development and testing of occupant classification systems also requires testing surrogates in a wide range of postures, but many postures that are possible for humans cannot be attained with crash dummies.
In response to these needs, First Technology Safety Systems (FTSS) has lead an effort to develop two surrogates for occupant characterization applications, representing a small adult woman and a typical six-yearold child.
These Occupant Classification Anthropomorphic Test Devices (OCATD -pronounced "oh-cat") are designed to be quantitatively representative of humans in the corresponding anthropometric categories with respect to external anthropometry, skeletal linkage, body mass, and segment mass distribution. Most importantly, these devices are designed to produce seat surface pressure distributions that are quantitatively representative of human vehicle occupants. This paper describes research conducted at UMTRI as part of the OCATD development program. A detailed study of the body dimensions and surface contours of the typical six-year-old child was conducted to determine the anthropometric specifications for the six-year-old OCATD (OCATD6). Several existing anthropometric databases were analyzed to determine overall body dimensions. Detailed measurements of a representative child were used to obtain an external surface model and skeletal linkage.
* Numbers in parentheses denote references.
and and METHODS
TARGET ANTHROPOMETRY DEFINITION -The newly revised FMVSS 208 specifies stature and weight categories for small women and children who may be used to test airbag suppression systems. Table 1 lists the FMVSS specifications. The target values for the OCATD6 were defined at the middle of the stature and weight ranges specified in FMVSS for six-year-old children. Table 3 shows the regression results, including the R 2 value and residual variance (root mean square error). The OCATD6 target stature and weight were then used with the linear regression fit to estimate the appropriate dimensions for the OCATD6.
SURFACE CONTOUR MEASURMENT-Analyses of existing anthropometric databases provided target values for typical anthropometric dimensions, but detailed external contour data were not available from any source. In the 1970s, Reynolds et al. (4) created a full-size, three-dimensional clay model of a six-year-old to use for crash dummy development. However, no data from this model are currently available, except the published linear dimensions.
In the absence of publicly available data, a threedimensional surface contour model for the OCATD6 was created by scanning the body contours of a six-year-old child who closely matched the target anthropometric specifications. Table 4 compares selected body dimensions for the reference subject to the OCATD specifications. The discrepancies are usefully evaluated after dividing by the root mean square error from the regression analyses presented in Table 3 . The RMSE can be interpreted as the standard deviation of the body dimension for children who match the target stature and BMI. For approximately 95 percent of such children, the scaled difference will lie in the range from -2 to +2. Consequently, scaled differences in this range indicate that the subject is representative of the target category. For most of the dimensions of interest, both the actual and scaled differences between the targets and the reference subject's dimensions are small. Because the interaction between the seat and the OCATD is of great interest, it was necessary to determine the contour of the subject's back, buttocks, and thighs while under loading typical of a sitting situation. After considering several alternatives, a foamin-place seating material used to create customized wheelchair cushions (Dynamic Systems Foam-In-Place Sun Foam) was used. The liquid material was poured into a plastic bag placed on a specially constructed chair, as shown in Figure 1 . The subject then sat in the chair as the foam grew around him and solidified, a process that took about five minutes. The result, shown in Figure 2 , was a rigid foam seat with the contours of the sitter's back, buttocks, and thighs. After the seat was trimmed for better access, a FARO arm was used to record the surface contours of the reference subject, as shown in Figure 3 . The FARO arm is a portable threedimensional coordinate measurement machine used routinely at UMTRI for human posture and contour data collection. Several thousand data points were gathered defining the shape of the right side of the subject's body, including the torso, right arm, right thigh, and right leg. The locations of 26 body landmarks were recorded. These body landmark locations were used to estimate the locations and orientations of the major bones of the skeleton. The contact surfaces on the foam seat were also digitized. SURFACE MODEL DEFINITION -The scanned surface data were viewed and edited in a computer environment. The scans from individual body areas were aligned using reference skeletal landmarks recorded with each scan. The scans from the seat contact areas were aligned with the subject's body scan data using reference points on the seat. The Wrap and Shape programs from Geomagic, Inc. were used to create and edit a polygonmesh model. Surface anomalies due to the manual digitizing process were removed and irregular areas between scan patches were smoothed. The polygon mesh from the right side of the body was reflected to the left to obtain a complete body description. Body width data obtained using both the FARO arm and manual methods were used to ensure that the whole-body model was the appropriate width. Minor scaling was performed to adjust the external dimensions to the target values. A NURBS surface model was then constructed over the polygon model. Figure 5 shows the completed model, which was submitted to FTSS to use in developing the OCATD6 external contour.
SKELETAL LINKAGE DEFINITION -The surface landmark locations were used to estimate internal joint locations using methods developed at UMTRI for the ASPECT program (5). The source data on which these methods are based were obtained from radiographic and cadaveric studies of adult men, since no child-derived data are available. Surface landmark locations and preliminary joint locations were used to scale a model of a midsize adult male skeleton to fit the OCATD6 linkage (a CAD model of a child skeleton was not available). UMTRI researchers worked with the engineers at FTSS to scale and position the skeleton within the surface model in a manner consistent with the measured external body landmark locations. Figure 6 shows the skeleton fit to the external surface model. Table 6 lists the joint locations with respect to the midpoint between the hip joints. Table 7 compares some external dimensions of the final OCATD prototype to the targets established in Table 3 . Body weight is not compared because ballast weights can be added to the OCATD6 to match any weight near the target. The difference between the measured dimensions of the OCATD6 and the targets can be evaluated with reference to the standard deviation of the residual variance from the regression analyses used to determine the targets. For example, Table 3 indicates that, for children who have stature and body weight matching the OCATD6 targets, erect sitting height is normally distributed with a mean of 653 mm (the target) and a standard deviation (RMSE) of 15.2 mm. The completed OCATD6 has an erect sitting height differing by only a millimeter from the target (0.07 standard deviations). The pelvis breadth, chest breadth, and lower-extremity dimensions are also very close to the targets. Shoulder breadth is not a well-defined dimension on the OCATD6, because the shoulders are not fully formed (see Figure 5) . However, the good agreement on the chest-breadth dimension suggests that the torso is the appropriate width.
DISCUSSION
The anthropometric specifications for OCATD6 were developed using analyses of existing databases and detailed measurements on one representative subject. Because extensive standard anthropometry of children has been conducted in other studies, target values for the primary external dimensions, such as sitting height, hip breadth, and leg lengths, could readily be determined. However, no data on external contour, necessary for a constructing a three-dimensional surrogate, were available. Fortuitously, a child who closely matched the target dimensions agreed to be measured.
The surface scanning was done using a FARO arm, which had both advantages and disadvantages. The FARO arm was used with a probe that requires contact with the surface to be measured. This facilitated accurate measurement of body landmark locations, such as bony prominences that must be located by palpation. However, contact scanning is difficult on irregularly curved, soft surfaces such as the human body. As a result, a fair amount of data cleaning was required to produce a smooth contour. With minor scaling, the resulting surface model closely matched the targets for overall anthropometry.
The computer model could have been further adjusted to match all of the potential target values exactly, but the additional work was not warranted for two reasons. First and foremost, the purposes of the OCATD6 would not be better served by making the device incrementally more representative of the target population. Just as a small female Hybrid-III ATD is equally useful regardless of whether its weight is actually 5th-percentile for women in the target population, the OCATD6 can be effective for the development and testing of restraint systems without all of its measurable dimensions being exactly the median values for children matching its target stature and weight. Second, there is a practical limitation on accuracy imposed by the changeable nature of the target population and its dimensions. For example, thigh circumference, breadth, and depth are dependent on posture and the degree of tissue compression. The OCATD6 represents a reasonable but essentially fixed approximation of these changeable dimensions. The internal skeleton geometry of the OCATD6, including its link lengths and joint locations, was developed using reasonable estimates based on very sparse background information. No models of a sixyear-old child skeleton are available, for example, and generating one from original bone measurements would be large undertaking. Further, no published relationships between external body landmarks and internal joints are available for children. The only published data were obtained using male volunteers (xray studies) and cadavers (dissection studies). While application of these data produces reasonable estimates of bone dimensions and joint locations, the OCATD6 linkage geometry should not be construed as a necessarily accurate representation of a typical six-yearold child's skeleton. Nonetheless, it is adequate for its intended application.
CONCLUSIONS
Anthropometric standards for a new surrogate representing a six-year-old vehicle occupant were developed.
Analyses of existing data were supplemented with detailed measurements of a representative child.
The result is an accurate description of the external surface and internal skeletal geometry of a child using methods not previously applied to the development of surrogates for automotive safety applications.
